INTRODUCTION
Gymnosperms, the paraphyletic stem group of seed plants sensu Hill (1998) , are woody plants that inhabit mainly temperate zones. They have been important elements in fossil and extant plant communities, and their appearance in the late Paleozoic represents one of the most important phases among the patterns of terrestrial plant diversification (Niklas & al., 1983) .
Mexican gymnosperms are distributed mainly in temperate forests associated with mountain chains (all species of Ceratozamia and many species of Pinus) and arid scrubs (some species of Pinus) of the Mexican Transition Zone. Some gymnosperm genera present in Mexico, such as Picea A. Dietrich and Pinus L., are widely distributed in the Northern Hemisphere, whereas others, like Podocarpus L.'Hér. ex Pers., occur predominantly in the Southern Hemisphere. Dioon Lindl. and Ceratozamia Brongn. are almost restricted to Mexico, each with one or two species in Central America. Studies on the geographic distribution of gymnosperms in Mexico are imperative not only theoretically but practically, especially for groups with great economic value such as Abies Mill. and Pinus, and for threatened taxa such as cycads. Floristic richness of gymnosperms in Mexico is made up of seven families, 14 genera, and nearly 130 species, representing about 0.5% of the 22,800 species of vascular plants estimated for the country (Rzedowski, 1991) . Mexico has more species of Pinus than any other country (Farjon, 1996) and the highest number of species of cycads in the Americas. Gymnosperms are ideal for biogeographic studies since they are well-represented in herbaria and are easily distinguished from other vascular plants. In contrast with other American areas Pinus, Ceratozamia, and Dioon are abundant and diverse in Mexico and Central America. They have also been extensively studied and so may have
Gymnosperms and cladistic biogeography of the Mexican Transition Zone
Raúl Contreras-Medina 1 , Isolda Luna Vega 1 & Juan J. Morrone broad implications for historical biogeography. Presence of gymnosperms in the fossil record in Mexico that can be related to extant genera can be traced back to the Eocene (Millar, 1993; Martínez-Hernández & Ramírez, 1996) . Furthermore, extinct genera have been reported in Mexico since the Paleozoic or at least the Triassic (Weber, 1982) . Due to their antiquity, the current distributional patterns of Mexican gymnosperms deserve special attention in relation to historical biogeography. Cladistic biogeography is an approach of historical biogeography that searches for patterns of relationships among areas of endemism based on the phylogenetic relationships of the taxa inhabiting them (Morrone & Crisci, 1995; Humphries & Parenti, 1999; Crisci & al., 2000) . Interpretation of cladistic biogeographical results usually focuses on vicariance rather than on dispersal events, because vicariance affects different groups of organisms simultaneously (Nelson & Platnick, 1981; Morrone & Crisci, 1995) . Among the methods developed in cladistic biogeography, Brooks Parsimony Analysis (BPA) (Wiley, 1987; Kluge, 1988; Brooks, 1990) has been used extensively (Morrone & Carpenter, 1994; Ruedi, 1996; Wang & al., 1996; Marshall & Liebherr, 2000; Espinosa & al., 2006) . Although BPA has been criticized by some authors as a suboptimal method, because it use dispersal and vicariance explanations to fit taxa and areas to the same tree (e.g., Siddall & Perkins, 2003) , other authors (e.g., ) have defended it as a valid method. Nelson & Ladiges (1996) noted that when nodes and areas are associated in order to be included in a data matrix, geographic paralogy may result because of duplication or overlap in the distribution of taxa related by paralogous nodes. They implemented a program (TASS) that identifies paralogy-free subtrees from each taxon-area cladogram analysed (Nelson & Ladiges, 1995; Ladiges & al., 1997 Ladiges & al., , 2005 . A parsimony analysis of these paralogy-free subtrees (PAPS) may thus be used to generate a more robust hypothesis, because geographic paralogy has been removed.
The biota of the Mexican Transition Zone has received the attention of several naturalists since the mid 19th century (i.e., Sclater, 1858; Wallace, 1876) , due to its placement between the Nearctic and Neotropical regions and its "hybrid" character (Morrone, 2005 and references therein). Recent authors postulated hypotheses to explain disjunct biotic patterns observed, applying panbiogeography (Contreras-Medina & Eliosa-León, 2001; Morrone & Márquez, 2001; Álvarez & Morrone, 2004; Escalante & al., 2004; Morrone & Gutiérrez, 2005) , cladistic biogeography (Marshall & Liebherr, 2000; Flores-Villela & Goyenechea, 2001; Espinosa & al., 2006) , and parsimony analysis of endemicity Espinosa & al., 2000; Dávila-Aranda & al., 2002; Morrone & Escalante, 2002; Aguilar-Aguilar & al., 2003 Our goal is to evaluate the contribution of gymnosperms to the cladistic biogeography of the Mexican Transition Zone, applying BPA and PAPS, and to compare our results with previous studies of this complex area.
MaTERIal aND METhODS
Areas. -The Mexican Transition Zone was defined by Halffter (1976 Halffter ( , 1978 Halffter ( , 1987 as the complex area where Neotropical and Nearctic biotic elements overlap, including the southern United States, Mexico and adjacent areas of Central America. Morrone (2005 Morrone ( , 2006 restricted this transition zone basically to the Mexican mountain areas. Areas of endemism ( Fig. 1 ) used herein were identified by Rzedowski (1978) and some of them have been validated by subsequent biogeographical studies (Luna & al., 1999; Morrone, 2001 Morrone, , 2005 Dávila-Aranda & al., 2002; Katinas & al., 2004) . The regionalization of Rzedowski (1978) is available in digital format, enabling the distributional data to be analysed with a Geographic Information System (GIS). We extended some Mexican areas of endemism to adjacent areas of Central America (following Morrone, 2001 Morrone, , 2006 and North America (following Takhtajan, 1986) , in order to include all the present-day natural distributions of gymnosperms from the Mexican Transition Zone. Table 1 lists the areas of endemism, including species of gymnosperms endemic to each area.
Taxa. -Distributional data of 81 species of Ceratozamia, Dioon, and Pinus (sections Trifoliae and Parrya) were obtained from revision of 648 herbarium specimens deposited in CHAP, ENCB, FCME, IBUG, IEB, INIF, MEXU, MO, XAL, XALU, and from literature (Vovides & al., 1983; Stevenson & al., 1986; McVaugh, 1992; Moretti & al., 1993; Thieret, 1993; Farjon & Styles, 1997; Medina & Dávila-Aranda, 1997; Narave & Taylor, 1997; Vovides, 1999; .
Molecular phylogenetic information was included for Ceratozamia (González & Vovides, 2002) , Dioon (Moretti & al., 1993) , and Pinus (Gernandt & al., 2005) . Ephedra is well-represented in the Mexican Transition Zone and cladistic information is available (Huang & al., 2005) , but its species are widely distributed, so the genus is not useful for cladistic biogeographic analysis at this scale.
Analysis. -Taxonomic cladograms and distributional data of species were used to generate taxon-area cladograms (Fig. 2) , by replacing their terminal taxa by the areas of endemism where they occur (Morrone & Crisci, 1995) . The application of parsimony in cladistic biogeography considers areas as analogous to taxa and components as analogous to characters. Kluge (1988) coined the term syntaxon, which represents the unit of evidence used to discover biotic history; a syntaxon is equivalent to a synapomorphy in phylogenetic systematics. Syntaxa were coded in a binary manner: "1" was given to an area of endemism represented for a taxon distal to that syntaxon node, and "0" was assigned to an area represented elsewhere on the taxon cladogram, but not distal to that syntaxon node (Table 2) . Missing areas were coded with "0", as suggested by Zandee & Roos (1987) , who described the procedure called Assumption "0". A hypothetical area coded all zeros was included to root the cladogram (Brooks, 1981 (Brooks, , 1990 . We used the program TASS (in TAX, Nelson & Ladiges, 1995) to obtain the paralogy-free subtrees (Fig. 3) , from which the components were coded in a data matrix (Table 3) for parsimony analysis. Both data matrices (Tables 2,  3) were analysed with software Nona (Goloboff, 1999) through WinClada (Nixon, 2002) , applying multiple TBR, searching on 100,000 initial trees (mult*100), and holding 30 trees per replication (h /10).
RESUlTS
Brooks Parsimony Analysis. -The analysis of the data matrix (Table 2) Balsas Basin, Planicie Costera del Noreste, Planicie Costera del Noroeste, Costa del Golfo de México, and Costa Pacífica. Clade C includes 13 provinces: Appalachian, Atlantic and Gulf Coastal, Yucatan Peninsula, Caribbean, Californian, Vancouverian, Eastern Central America, Soconusco, Serranías Transístmicas, Serranías Meridionales, Sierra Madre Occidental, Altiplano, and Sierra Madre Oriental.
Parsimony Analysis of Paralogy-free Subtrees.
-We identified 10 paralogy-free subtrees: two from Dioon (Fig. 3A, B) , one from Ceratozamia (Fig. 3C) , five from Pinus section Parrya (Fig. 3D-H) , and two from Pinus section Trifoliae (Fig. 3I, H) . Their components were coded in a data matrix (Table 3) . Parsimony analysis resulted in six cladograms, each with 42 steps, a CI of 0.54 and a RI of 0.76. The strict consensus cladogram (Fig. 4B ) has three main clades, named D, E, and F. Clade D includes the Appalachian and Atlantic and Gulf Coastal provinces. These same areas are sister areas in clade C obtained with BPA. Clade E includes three Mexican lowland provinces Balsas Basin, Planicie Costera del Noroeste, and Planicie Costera del Noreste were the last two provinces are sister areas to the Balsas Basin. These three provinces are also included in clade B obtained with BPA which also better resolves the relationships among these areas. Clade F includes eight provinces. The Serranías Meridionales province is the sister area to the others, which form a dichotomy, that includes a first subclade comprised of the Sierra Madre Occidental, Altiplano, and Sierra Madre Oriental, with the last two provinces more related; the same relationship was obtained with BPA (clade C). A second subclade includes a trichotomy formed by the two provinces of the Baja California peninsula, Great Basin and Mojavean provinces. The Great Basin, Mojavean, and Baja California provinces are also related with BPA (clade A).
DISCUSSION
Although constituting a continuous area, the Baja California peninsula does not represent a natural area, in the BPA general area cladogram, since the Baja California and Californian provinces are located in different clades (A and C respectively). Ferrusquía-Villafranca (1993) noted that the southern part of the peninsula has a different geological origin than the northern part, which possibly represents an ancient island that later joined the rest of the peninsula (García-Mendoza, 1995) . In contrast, the paralogy-free subtrees general area cladogram shows the Baja California and Californian provinces combined with the Great Basin and Mojavean provinces (clade F). Flores-Villela & Goyenechea (2001) used wider units of analysis than we did; the Baja California peninsula was included in their Sonoran Desert area of endemism corresponding to our Mojavean, Great Basin, Baja California, Californian, and Planicie Costera del Noroeste provinces combined. Our BPA results show relationships among the first three areas, but differ in the relationships of California and Planicie Costera del Noroeste, because they are included in clades B and C respectively. In the paralogyfree subtrees general area cladogram, the first four are included in clade F. This latter relationship corroborates previous results obtained with parsimony analysis of endemicity (PAE) Espinosa & al., 2000) , indicating that the Peninsula of Baja California represents a natural area. The close relationship between the Great Basin and Mojavean provinces obtained in this study is not supported by Katinas & al. (2004) , because both belong to the same clade, with Mojavean occurring as the sister area to other western North American provinces, and the Great Basin sister area to the Rocky Mountain province. The Rocky Mountain Province was not included in our work. The PAPS area cladogram also supports a close relationship between Great Basin and Mojavean.
Clade B (Fig. 4A) consists of provinces located at coastal areas of the Pacific and Atlantic oceans, as well as the southern-central lowlands. This clade is influenced by the distribution of Dioon (Moretti & al., 1993) Table 1 and Fig. 2 . Unfortunately, we cannot compare our clade B with the work of Marshall & Liebherr (2000) , since most of the areas included in our clade B were not included in their work. Our BPA general area cladogram corroborates previous PAE Espinosa & al., 2000; Dávila-Aranda & al, 2002) , that combine the Balsas Basin, Costa Pacífica, and Valle de Tehuacán provinces. Notwithstanding, the two first studies suggest a close relationship among these areas with the Serranías Meridionales province, which is not supported herein, because this latter belongs to clade C, comprising the Mexican montane provinces.
Clade C includes the montane Mexican provinces, the Central American, Caribbean and most of the North American areas. This clade is more influenced by the distribution of the species of Ceratozamia and Pinus ; their species are widely distributed in the provinces of this clade. As many species of Ceratozamia and Pinus are mainly associated with mountain ranges, several of them were considered "montane" species by Farjon & Styles (1997) and Contreras-Medina (2004) , where they inhabited areas of 1,000-2,600 m altitude. Many of these species are not well-represented in clade B, which includes mainly coastal and lowland provinces with dry climates.
In our study, the Appalachian forms a sister group to the Atlantic and Gulf Coastal province in both analyses (Fig. 4 , clade D and early-diverging subclade in clade C), corroborating the PAE by Katinas & al. (2004) . The different position of the Appalachian and Atlantic and Gulf Coastal provinces relative to the western United States areas of endemism (Californian, Vancouverian, Mojavean, Great Basin) was to be expected. The traditional division of North America in two major areas (eastern and western), observed here is reflected in many previous works based on the distributions of other taxa, including several with a phylogenetic component (i.e., Croizat, 1965; Xiang & al., 1998; Davis & al., 2002; Donoghue & Smith, 2004) . In our cladogram, Appalachian and Atlantic and Gulf Coastal (eastern North America) are in a different position in relation to the western areas (Californian, Vancouverian, Mojavean, Great Basin). Katinas & al. (2004) related the eastern provinces with the central and southern part of the United States. The Yucatán Peninsula is the sister area to the Caribbean province; their affinity has been extensively discussed (see Chiappy-Jhones & al., 2001) .
The largest subclade of clade C includes seven provinces (Eastern Central America, Soconusco, Serranías Transístmicas, Serranías Meridionales, Sierra Madre Occidental, Altiplano, and Sierra Madre Oriental). The relationship between Central America and montane areas of Mexico represents a pattern previously suggested by other authors (Luna & al., 1999; Morrone & Márquez, 2001) , corresponding to the Mesoamerican Mountain biotic element of Morrone (2005) . Clade C shows the existence of remnants of biotas with different origins in the Mexican Transition Zone, recognized by several naturalists since the 19th century and explained either by dispersalist or vicariant viewpoints.
The Sierra Madre Oriental is the sister area to the Altiplano, and both areas are sister to the Sierra Madre Occidental. and Espinosa & al. (2000) also found a close relationship between the Sierra Madre Oriental and the southern part of the Altiplano. The Serranías Meridionales province includes the Transmexican Volcanic Belt plus the Sierra Madre del Sur, two areas treated as distinct by several authors Morrone, 2005 Morrone, , 2006 . The biota of this province is related to the biota of several mountain areas of Mexico, supporting the Mesoamerican Montane biotic element (Morrone, 2005) . The combination of the Transmexican Volcanic Belt plus the Sierra Madre del Sur in a single Serranías Meridionales province is supported by Marshall & Liebherr (2000) and Flores-Villela & Goyenechea (2001) . The cladogram obtained with BPA partially supports the proposal of Marshall & Liebherr (2000) , who fused the Sierra Madre Occidental with the Altiplano (their Sierra Madre Occidental area of endemism) in a single unit. Flores-Villela & Goyenechea (2001) support a close relationship between the Sierra Madre Occidental with the semiarid lands of the Tamaulipas area of endemism (the latter corresponding to our Planicie Costera del Noreste province), a result incongruent with those presented here.
In the PAPS general area cladogram, clade E is equivalent to a part of clade B, and clades D and F combined are equivalent to clade C. Differences between the general area cladograms are because dispersal has a stronger influence in BPA, and the PAPS general area cladogram, shows a clearer vicariant signal. We postulate that clade F, which combines Nearctic provinces with those assigned to the Mexican Transition Zone in the strict sense (Morrone, 2005 (Morrone, , 2006 , represents the "core" area of biotic evolution of Mexican gymnosperms. This area is the result of the complex country's complex tectonic history (Ferrusquía-Villafranca, 1993; Marshall & Liebherr, 2000; Ortega & al., 2000; Flores-Villela & Goyenechea, 2001; SalinasMoreno & al., 2004) , which partially explains the cooccurrence of taxa belonging to different biotic elements (Morrone, 2005) . Croizat (1958, fig. 259 ) predicted this when he placed one of the most important panbiogeographic nodes at global level in southern Mexico and Central America, which he considered to be as one of "the very main nodes controlling the course of important 'tracks' on an intercontinental scale" and "eventually responsible for endlessly variable patterns of distribution which is readily seen true in reference to factual records" (Croizat, 1958) .
In the PAPS cladogram, the Serranías Meridionales province is related to some northern areas, showing Nearctic affinities (influenced by the distribution of the species of Pinus), whereas in the BPA it is related to the Mexican mountain provinces (Fig. 4) . The position of the Serranías Meridionales in our study is interesting, since it includes the Transmexican Volcanic Belt, which is traditionally considered the biogeographic boundary between the Nearctic and Neotropical regions (Wallace, 1876) . The transitional character of this area is evident; in some biogeographic studies Neotropical affinities for this area have been suggested (Espinosa & al., 2000; Marshall & Liebherr, 2000; Flores-Villela & Goyenechea, 2001) , whereas in others it is related to northern provinces. Rzedowski (1978) proposed the Mesoamerican Mountain region, to accomodate four floristic provinces (Sierra Madre Oriental, Serranías Meridionales, Sierra Madre Occidental, Serranías Transístmicas), since these provinces cannot be assigned with certainty to the Nearctic or Neotropical regions, because they contain elements of both regions in equal proportions. The uncertainty in the relationships of the Serranías Meridionales province is also reflected in the PAE undertaken by Luna & al. (1999) , where the localities of this province are scattered in four different clades.
Some vicariant patterns are ambiguous, producing biogeographic noise in the taxon-area cladograms obtained, mainly due to redundant distributions, widespread taxa and missing areas. Several authors (e.g., Eguiluz, 1985; Styles, 1993; Perry & al., 1998) , constructed biogeographic scenarios for the genus Pinus in Mexico, based on dispersal and vicariant events of different ages. Farjon (1996) suggested that many Mexican pine species are the result of a radiation event from a single common ancestor, which interbred with other species with a different origin. Some of them may be relicts of mainly extinct lineages with a former distribution with a very different distribution pattern, whereas others are descendants of recent immigrants. Evidently these events complicate the biogeography of this genus. Millar (1993) suggested that the spatial evolution of pines has been mainly affected by tectonic and climatic events of the Eocene, caused by the orogenic processes that formed the Sierras Madre Oriental and Occidental and the Transmexican Volcanic Belt, initiating speciation events. Some authors have suggested that refugia played an important role in the evolution of this genus, provoked by the climatic changes of the Eocene (Millar, 1993; Perry & al., 1998) . All these events have effected the distribution of pine species by isolating species into disjunct areas (Millar, 1993) . Since part of the information used for our analysis is based on pine species, the complex biogeographic history of Pinus in Mexico may be responsible for the ambiguity found here in the relationships of some areas and their position in the general area cladograms.
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